We have numerically investigated supercontinuum generation in photonic crystal fibers with zero-dispersion wavelengths in the vicinity of 800 nm by using an input pulse with a peak power of about 20 kW and a width of about 10 fs. The effects of fiber dispersion and the input pulse parameters on the generated optical spectra are quantitatively analyzed. The propagation length necessary for the generation of a soliton in the anomalous dispersion region is found to depend on the zero-dispersion wavelength of a fiber. For the generation of a sufficiently broad spectrum, the photonic crystal fiber should be longer than the soliton-generation length. In addition, a spectral recoil effect appears when a solitary wave splits the dispersive wave into two parts.
Introduction
For over a decade, photonic crystal fibers (PCFs), whose cladding consists of a periodic array of air holes, have been extensively studied for their unique properties and wide variety of applications [1] . A high index-contrast between the core and the cladding of solid core PCFs allows a very high optical intensity due to tight mode confinement. In addition, the design freedom of PCFs, which extend the range of optical parameters such as dispersion and nonlinearity, makes it possible to generate a supercontinuum (SC), which is characterized by a dramatic spectral broadening over an octave of intense light pulses [2, 3] . Extensive investigations of the physical mechanism leading to SC generation for various input pulses and PCFs indicate that SC generation is due to the interplay of many nonlinear effects, such as self-phase modulation (SPM), self-spontaneous Raman scattering (SSRS), four-wave mixing (FWM), and soliton fission [4] [5] [6] [7] . The chirping and polarization properties of the input laser pulses were also reported to influence the characteristics of the SC [8, 9] . SC light sources have found important applications in areas such as coherent Raman spectroscopy, frequency metrology, and optical coherence tomography [10] [11] [12] . To obtain controllable SC spectra suitable for applications, we need to understand the physical mechanism of SC generation, which depends on the dispersion of the PCF and the parameters of the input pulse.
Previous studies have shown that the spectral evolution of femtosecond (fs) pulses launched at a wavelength close to the zero-dispersion wavelength (ZDW) of a PCF can be divided into three steps [13] . In the first step of the propagation, the initial strong SPM effect due to the small group velocity dispersion (GVD) near the ZDW splits the incident pulse into two parts after a few millimeters of propagation. The split pulses are in different dispersion regions. In the second step, the split pulse in the anomalous region forms a soliton by shedding part of its energy, whereas the other part in the normal dispersion region disperses. A resonant dispersive wave (DW) is generated at a frequency phase matched with Other dispersion parameters and characteristics of the input pulse are given in the text. Note that all intensities in this figure and figures hereafter are drawn on a linear scale.
the soliton during their propagation. The spectrum keeps a dramatic broadening until the soliton and the resonant DW are generated [14] . Finally, after the soliton-generation length, which is the fiber length needed for the generation of the soliton, the spectrum becomes almost frozen [15] . In this paper we study the dependence of SC spectra on the dispersion parameters of PCFs and on the characteristics of the input pulse. The evolution of input pulses with a duration of a few tens of fs at a wavelength of 800 nm in PCFs with ZDWs at around 800 nm was simulated. The relative position of the ZDW with respect to the wavelength of the input pulse and the slope of the group dispersion are known to have strong effects on the spectral width and the modulation of output pulses, and in this analysis the soliton-generation length is found to be affected by them as well. The input pulses launched in the normal dispersion region have narrower output spectral widths and yield more internally-filled spectral components than those launched in the anomalous dispersion region. Also, newly found in this study is the fact that the soliton-generation lengths of the pulses launched in the anomalous dispersion region are shorter than those launched in the normal region. In addition, the spectral recoil effect, which is the frequency shifts of two separated pulses in opposite spectral directions, is shown to occur when the DW splits into two parts.
Numerical results and discussion
To study the role of fiber dispersion and input pulse parameters, we have numerically solved the generalized nonlinear Schrödinger equation (GNLSE)
where A(z, t) is the pulse envelope in a retarded time frame t moving with the group velocity of the pump pulse along the fiber axis z. The dispersion parameters β m are estimated from a polynomial fit to the dispersion profile of a standard highly nonlinear PCF, γ is the nonlinear parameter, ω 0 is the center angular frequency of pump pulse, and R(t ) is the Raman response function [16] . This model accounts for SPM, FWM, SSRS and self-steepening. An adaptive step-size method has been implemented to increase the computation speed [17] . We consider an input pulse having a hyperbolic-secant shape:
, where P 0 is the peak power of the input pulse and t 0 = t FWHM /1.763. The corresponding ZDWs are estimated to be 769, 800, and 830 nm, respectively, from the polynomial expansion of the dispersion
β
The simulation results after a 5 cm propagation are shown in figure 1 for the three PCFs using a 10 fs pulse with a peak power of 28.7 kW. The figure shows the spectral evolution of the input pulses during the propagation through the PCF1 (a-i), the PCF2 (b-i), and the PCF3 (c-i). Besides the spectrograms, the temporal (upper) and the spectral (right) distributions of the output pulses are shown in figures 1(a-ii), (b-ii), and (c-ii), respectively, at the end of the 5 cm long PCF. As can be seen in figure 1 , though the solitons are generated at a frequency near −50 THz, the frequencies of resonant DWs differ dramatically and are 170, 120, and 80 THz, respectively, for the three PCFs. The wavelength of the resonant DW is well known to be determined by the phase-matching condition induced from the equation [18] 
where P is the peak power of the input pulse and δω DW and δω s are the angular frequency differences between the resonant DW and the pump pulse, and the soliton and the pump pulse, respectively. Note that β m is the dispersion parameter expanded at the center frequency of the input pulse, not at the soliton frequency. Figure 2 shows the phase-matching diagram obtained from equation (4) for the PCFs considered. When the zero-dispersion frequency of the PCF is higher than the center frequency of the input pulse, ω 0 , the phase-matched frequency is dramatically blueshifted. That is, if a wide spectrum band is necessary, the input pulse should be launched at a frequency in the anomalous region of the PCF. Wai et al reported that the soliton forms after a propagation of about 10/γ P 0 when the input pulse is launched at the ZDW [19] . If the input wavelength is not at the exact ZDW, this soliton-generation length affected by β 2 is empirically given by
when |β 2 t 0 /β 3 | 1. The values of z s for PCF1, PCF2, and PCF3 are 0.277, 0.366, and 0.473 cm, respectively, which are designated by horizontal white lines in figures 1(i). If the input frequency is in the normal dispersion region, the split pulse after the first step of SC generation in the anomalous dispersion region has to be more redshifted to get an appropriate β 2 for the generation of a soliton, which means that this pulse should propagate for a longer distance compared to the case in which the input frequency is in the anomalous region. After rapid broadening of the spectrum after the splitting of the pulse in a few millimeters of the PCFs and generation of the soliton and the resonant DW pair, the spectrum gets almost frozen and only the soliton frequency is redshifted by the SSRS effect. The redshift of the soliton frequency is strong for PCF1 because a small amount of energy is transferred to the normal dispersion region at the initial broadening. Finally, the overall spectral spans at the ends of the PCFs are 250, 200, and 180 THz for PCF1, PCF2, and PCF3, respectively. Now we investigate the role of β 3 corresponding to the slope of the GVD. Figure 3 shows the simulation results for PCF4 (β 3 = 6 × 10 −2 ps 3 km −1 ) and PCF5 (β 3 = 12 × 10 −2 ps 3 km −1 ), which have lower and higher values, respectively, of β 3 than PCF2 does (β 3 = 9 × 10 −2 ps 3 km −1 ).
Other parameters, including the characteristics of the input pulse, are the same. When the GVD of the fiber is steep (PCF5), the redshift of the split-pulse frequency in the anomalous region is small, and the resonant DW is generated near the pump frequency without any significant blueshift.
That is easy to understand in that the absolute value of β 3 is the curvature of the time delay parabola with respect to the spectral component around the ZDW. In other words, a steep time delay of the spectral component causes the pulse to undergo a quick temporal broadening, and the nonlinear effect gets weaker due to the low peak power.
Input pulse dependence of SC
We also investigate the effect of the input laser pulse characteristics on the SC spectrum. First, we fix the power of the input pulse and vary the temporal width so that the peak power of the input pulse is inversely proportional to the pulse width. Figure 4 shows the simulation results of the SC obtained by launching input pulses with a pulse duration of 20 fs and a peak power of 14 kW to PCF1, PCF2, and PCF3. The pulse duration is twice the value while the peak power is half the value for the input pulses in figure 1 . The spectral evolution of an input pulse with a long temporal width and a low peak power results in weak spectral broadening after propagation of a long soliton-generation length; that is, the results shown in figure 4 show narrower spectral broadening than those shown in figure 1. Generally, a high peak power brings about a stronger SPM effect; thus, the soliton is located in the deep anomalous region, and the associated resonant DW is generated in the deep normal region. The split pulse in the anomalous dispersion region sheds part of its energy in propagation to form the soliton near the soliton-generation length. We may call this wave, which propagates for the duration from the instant of pulse splitting to soliton formation, the solitary wave. At the temporal position, where the solitary wave becomes the soliton, the DW in the normal dispersion region is split again at the same temporal position. The soliton, which creates an effective repulsive potential for the radiation, is said to make a 'hole' in the DW [20] . However, from the point of view of phase matching the solitary wave tosses part of the DW to the resonant frequency; that is, part of the DW is blueshifted to the frequency resonant with the solitary wave. When the DW splits into two parts, the resonant DW blueshifts, and the other part gets redshifted (see figure 4(i) ), a kind of a spectral recoil effect. Skryabin et al showed that when the soliton amplifies the redshifted resonant DW during propagation through the PCF with a negative dispersion slope, the spectral recoil due to the radiation prohibits the soliton from undergoing Raman redshift [21] . The spectral recoil effect also happens when β 2 < 0, but it cannot be recognized easily in this case because the evolution length is short and the DW is very weak. When the solitary wave completes self-transformation to the soliton, no more frequency shifts occur in the two split DWs. Due to the group delay difference between the redshifted DW and the blueshifted resonant DW, they get separated in temporal space, as can be seen in figure 4(ii) .
Secondly, the dependence of the SC on the energy of an input pulse with constant pulse width is considered. Figure 5 shows the evolutions of pulses under the same conditions as the pulses employed in figure 4 , except that the power is 28 kW. As we see from a comparison of the results depicted in figure 5 with those in figure 4 , when the input pulse energy is increased with a constant pulse duration, the generated soliton frequency gets continuously redshifted, and the associated resonant DW are created at the higher frequency [13] . The soliton-generation length also becomes shorter. Increasing the power with constant temporal width leads to the generation of inner components in the spectrum. The input parameters for the pulses shown in figure 5 imply the formation of a higherorder soliton with a soliton number N = γ P 0 t 2 0 /|β 2 | = 2.4. As is well known, a higher-order soliton with soliton number N splits into N pulses with different redshifted frequencies and different group velocities. After the fission, every pulse emits a resonant DW that is phase matched to the corresponding pulse [22] . Therefore, a higher soliton number means that more inner components of the pulse spectrum are generated and fill the gap between the outer soliton and the associated resonant DW. In this simulation, only one soliton is shown due to the short propagation lengths of pulses.
Conclusion
We have numerically investigated SC generation phenomena in highly nonlinear PCFs with ZDWs in the vicinity of 800 nm by using laser pulses of about 10 fs with a peak power of few tens of kW. Our simulation results show that the dispersion of a PCF and the input pulse characteristics play key roles in generating optimal spectra for applications. The solitongeneration length, which means the minimum fiber length for SC generation, is affected by the position of the ZDW relative to the pump pulse wavelength. In addition, a spectral recoil effect is observed when the solitary wave splits the DW into two pulses. Understanding the mechanism of SC generation should allow us to design fibers with the specific dispersion properties needed to generate optimal spectra for various applications.
